The aging behavior of symmetrical cells, consisting of either (La 0.8 Sr 0.2 ) 0.95 MnO 3 (LSM) or La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 (LSCF) electrodes screen printed on either 8 mol% yttria-stabilized zirconia (YSZ) or Ce 0.8 Gd 0.2 O 2 (GDC) electrolyte substrates, is reported as the symmetrical cell is thermally cycled between 700°C and 800°C. For LSM, between 700°C and 850°C, the polarization resistance exhibits slow increases or decreases with time (on the order of days) after a quick change in temperature. When increasing the temperature, the polarization resistance decreases with time, and when decreasing the temperature, the polarization resistance slowly increases with time. In a previous work, the authors had explained these results with LSM by connecting the testing conditions to literature reports of surface analysis of LSM thin films which demonstrated a change in the amount of surface cation segregation as a function of temperature. In this work, TEM/EDS/XPS analysis of dense LSM pellets thermally cycled under the same conditions as the symmetrical cells does not indicate any significant reversible change in the surface composition of the LSM pellet between 700°C and 800°C. An alternative hypothesis is proposed to explain the relationship between polarization resistance and the LSM cation/anion vacancy concentrations controlled by the Schottky reaction. The timescale of aging behavior is related to the time necessary for the cations to move to or from the LSM surface to adjust to the new equilibrium at each temperature. The relevance in understanding the mechanism behind the aging behavior is emphasized with respect to fuel cell sample/stack modeling as well as to proper testing procedures for reaching reliable conclusions when comparing different electrode samples.
Introduction
Solid oxide fuel cells (SOFCs) are an efficient, flexible, and quiet alternative energy source that, after decades of development, are beginning to enter the marketplace as sources of reliable backup power for commercial applications and in combined power/hot water systems for residential applications. Over the last thirteen years, the US Department of Energy's Solid State Energy Conversion Alliance (SECA) program has supported industrial, academic, and government research and development to engender commercial feasibility of SOFCs by increasing cell performance, improving overall system design, and decreasing the long-term performance degradation rate [1] . These tasks support the goal of producing a system that can perform reliably for up to 50,000 h. Minimizing cell degradation requires an understanding of the multiple processes -be they intrinsic or extrinsic, systematic or unplanned -that can occur during normal operation. Changes in the cathode composition and microstructure are examples of such processes. Cathode performance is sensitive to changes in the available surface area for oxygen reduction and to changes in the cathode's specific surface catalytic activity for oxygen reduction through changes in the surface composition. Previous studies have shown that cation segregation can occur within thin films and bulk samples of common SOFC cathode materials such as La 1 − x Sr x MnO 3 (LSM) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 (LSCF) [11] [12] [13] [14] [15] [16] [17] [18] [19] . The degree to which certain cations build up at the electrode/ gas surface depends upon the temperature and the oxygen partial pressure. Fister et al. demonstrated that the level of Sr segregation in La 0.7 Sr 0.3 MnO 3 thin films increased with decreasing temperature and decreasing oxygen partial pressure [4] . Fleig et al. found a similar trend for Sr segregation in La 0.6 Sr 0.4 CoO 3 (LSC) thin films with respect to temperature and demonstrated a link between the amount of surface segregation and the electrochemical impedance of the LSC samples [20] [21] [22] . In contrast, thin film studies of La 0.8 Sr 0.2 MnO 3 by Lee et al. revealed the formation of secondary, Sr-rich phases on the film surface, with the amount of particle formation increasing with temperature between 430°C and 830°C and with oxygen partial pressure between 10 −9 Torr and 760 Torr [7] .
Lacking for LSM and LSCF is a direct connection between changes in the surface composition using conventional morphologies under relevant conditions with changes in the electrochemical performance of those materials under the same conditions. In a work previously published by these authors, an initial report was given on the aging behavior of porous (La 0.8 Sr 0.2 ) 0.95 MnO 3 − x electrodes while thermally cycled between 700°C and 800°C [23] . Specifically, the polarization resistance of the electrode decreased over a period of 50 h when held at 800°C, in contrast with an increase in polarization resistance with time when held at 700°C. These changes were repeatable over multiple temperature cycles. As the time scale of this aging behavior was deemed to be much slower than that which would be associated with oxygen vacancy diffusion, the authors instead attributed this behavior to changes in the cation segregation level at the cathode surface, as dictated by the thermodynamic conditions. Specifically, an increase in polarization resistance while aging was ascribed to an increase in cation segregation, while a decrease in resistance was ascribed to the rearrangement to a less segregated surface state (i.e., the surface composition was closer to that of the bulk).
This paper expands on the previously reported data by performing aging experiments on different combinations of electrode and electrolyte materials to determine whether the observed aging behavior is truly due to changes in the cathode/gas interface rather than the cathode/electrolyte interface. Dense pellets of LSM are also subjected to the same thermal cycling conditions and characterized by SEM, TEM, XRD, and XPS to determine whether this aging behavior can indeed be correlated to changes in the electrode surface composition or whether alternate explanations are necessary.
Experimental methods

Symmetrical cell electrochemical characterization
The symmetrical cells used for the aging studies were purchased from Fuel Cell Materials. The samples were comprised of a 25.4 mm diameter electrolyte support (~250 μm thick, either 8 mol% yttriastabilized zirconia (YSZ) or Ce 0.8 Gd 0.2 O 2 (GDC)) with a screenprinted identical cathode (~10 μm thick) on each side. For this publication, the symmetrical cell will be notated by the cathode material followed by the electrolyte material. The following combinations were used: (La 0.8 Sr 0.2 ) 0.95 MnO 3 − x (LSM)/YSZ, LSM/GDC, (La 0.6 Sr 0.4 ) 0.95 Co 0.2 Fe 0.8 O 3 − x (LSCF)/GDC. Gold mesh current collectors were applied to each electrode using gold paste, and silver lead wires were connected to the gold mesh.
As previously reported [23] , LSM/YSZ symmetrical cells exhibit an irreversible and a reversible response when thermally cycled between 700°C and 800°C. The irreversible component during the cycling can be eliminated by annealing the sample at 800°C for 200 h prior to beginning the thermal cycling test. Irreversible phenomena are possibly an adjustment of the electrode microstructure and/or composition in the tested temperature range, but are not examined in the present work. As the current study focuses primarily on the reversible component of aging of the electrode at open circuit, each sample was first annealed at 800°C for 200 h without a current collector and then cooled to room temperature. After attaching the current collector, the samples were reheated and cycled five times between 700°C and 800°C for 50 h at each temperature. An additional LSM/YSZ symmetrical cell was tested that was aged at 800°C for 200 h and thermally cycled five times between 800°C and 850°C in lieu of 700°C and 800°C. Following the five cycles at 800°C/850°C, this sample was then aged for 50 h each at 700°C, 800°C, and 850°C. During each aging step for all samples, the electrochemical impedance was measured every hour for the first 10 h and then every 4 h for the remainder of the step using a Solartron CellTest system. For each impedance spectrum, a 10 mV AC amplitude was applied between 20 kHz and 10 mHz with 10 points obtained per frequency decade.
Surface analysis of dense LSM pellets
To better examine the structure and composition of the LSM/air surface under the thermal cycling conditions, dense pellets of LSM powder ((La 0.8 Sr 0.2 ) 0.95 MnO 3 , 5-8 m 2 /g, Fuel Cell Materials) were formed by pressing at 0.4 GPa for 5 min followed by sintering at 1150°C for 5 h in a box furnace with ramp rates of 10°C/min for heating and 2°C/min for cooling. All pellets were aged initially at 800°C for 200 h and subsequently aged at 700°C for 72 h or at 700°C for 72 h followed by a last treatment at 800°C for 72 h. All firings were done in stagnant air. After aging, the pellet samples were quenched with liquid nitrogen to best preserve the surface composition of the aged samples.
The nanostructure and chemistry of the surface/near surface regions of the as-sintered sample and the aged samples were examined using SEM, TEM and XPS. Both SEM and TEM were equipped with Energy Dispersive X-ray Spectroscopy (EDX). The SEM/EDS and XPS examinations were performed on the surfaces of the as-sintered and annealed samples. In order to examine the nanostructure and chemistry of the near surface region, cross-sectional TEM samples were prepared. Electron beam stable epoxy was used to make a cross-sectional TEM sample, with the epoxy bonding two pieces of LSM pellets with the surfaces of the LSM pellets facing each other. The epoxy/LSM interfaces were used for locating the original surface of the LSM pellets. The TEM samples with sandwich structure were then mechanically polished and ion milled in a liquid-nitrogen cooled holder to electron transparency. SEM/EDS were performed in a JEM 7600F microscope. Electron diffraction, diffraction contrast and high-resolution TEM imaging were performed in a JEM-2100 operated at 200 kV. High-angle annular dark-field (HAADF) Z-contrast imaging in a scanning TEM (STEM) and nanoscale chemistry analysis were performed using an Aberrationcorrected 200 kV (JEOL 2010 F) microscope focused to a 0.105 nm diameter electron probe with the inner cut-off angle of the HAADF detector N52 mrad. The cross-sectional STEM imaging and EDX chemistry analysis were carried out adjacent to the original surface of the LSM pellets, which was identified at the LSM/epoxy interface region when the LSM/epoxy interface is orientated at the edge-on condition with respect to the electron beam. XPS was performed using a Physical Electronics PHI 5000 VersaProbe system. Initial spectra were recorded from the surface of the quenched pellets, and subsequent spectra were recorded after sputtering the surface with an Ar ion gun at 2 kV over a 1 mm by 1 mm sputtering area for 30 s, 2 min, or 30 min. The sputtering angle was 45°.
In situ X-ray diffraction measurements of dense LSM pellets
To monitor the crystal structure of LSM under conditions matching the typical thermal history of an LSM electrode, powder compacts were pressed and fired at either 1350°C or 1150°C. The fired compact was then loaded into a high temperature chamber (Anton Paar HTK 1200N) for in situ X-ray diffraction. X-ray diffraction (XRD) patterns were measured with a PANalytical X'Pert Pro X-ray diffractometer using Cu Kα radiation. XRD patterns were recorded at room temperature and then from 600°C to 1200°C. Patterns were also recorded every hour as the pellet was thermally cycled between 700°C and 800°C
, holding for 12 h at each temperature. Fig. 1(a) -(f) plot the polarization resistance as a function of time for LSM/YSZ, LSM/GDC, LSCF/GDC symmetrical cells cycled between 700°C and 800°C. Since the reversible aging behavior was similar for the YSZ and GDC LSM cells, the aging behavior most likely results from changes at the electrode/air interface and not the electrode/electrolyte interface. Also one notes that the aging behavior of the LSCF symmetrical cell contrasts with LSM, again indicating that the LSM behavior is unique. Fig. 2(a) and (b) show the polarization resistance when LSM is cycled between 800°C and 850°C in lieu of 700°C and 800°C. The aging behavior follows the same trend as the 700°C/800°C cycling with respect to relative temperature: the resistance increases at the lower temperature and decreases at the higher temperature. To confirm this, after five thermal cycles of 800°C and 850°C, the temperature was lowered to 700°C, at which point the resistance increased with time, as shown in Fig. 2(c) . When the temperature was raised to 800°C from 700°C (as opposed to lowered from 850°C), the resistance decreased with time, asymptotically reaching the same polarization resistance at 800°C that was observed when cycling between 800°C and 850°C. Fig. 3 plots the imaginary portion of the impedance as a function of frequency for the LSM/YSZ symmetrical cell data while being aged at 700°C, 800°C, and 850°C. Table 1 shows the average compositions/stoichiometries for surface and subsurface layers for the different conditions, measured by EDS.
Results and discussion
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SEM and TEM analyses of LSM pellets
XPS analysis of LSM pellets
Fig. 8 details the XPS data for Sr, Mn, and La moieties from the dense LSM pellets that had been sintered at 1150°C, aged initially at 800°C for 200 h, and subsequently thermally cycled between 700°C and 800°C for 48 h. To compare the signal from the pellet surface to that from the bulk, the spectra recorded after the surface was sputtered for 30 s with the Ar ion gun is included. The spectra recorded after 2 and 30 min of additional sputtering were identical to that for the 30 s of sputtering time (not shown), so data obtained after 30 s of sputtering are considered representative of the bulk. Fig. 9 contains the X-ray diffraction pattern of the fired LSM compact as the temperature ramps from 600°C to 1200°C, indicating a change in the indexed diffraction pattern from a rhombohedral structure (PDF# 04-012-7624) to a cubic structure (PDF# 04-002-1439). To detect changes in the bulk material's crystal structure during the aging process, the XRD pattern was measured every hour for 12 h while the between 700°C and 800°C demonstrated an instantaneous shift (i.e., apparent in the first scan) in peak position when heating or cooling to a new temperature, with no further changes in the pattern for the subsequent isothermal XRD measurements.
High temperature in situ XRD measurements
Discussion
Since the nature of the reversible aging behavior is the same for the LSM/YSZ and LSM/GDC symmetrical cells while different from that of the LSCF/GDC cell, the root behavior is linked to changes in the LSM material. The plot of the imaginary impedance as a function of frequency ( Fig. 3) shows that most of the change in the magnitude of the polarization resistance from the LSM/YSZ and LSM/GDC samples occurs from spectral features located around 1 Hz, 10 Hz, and 100 Hz at 700°C, 800°C, and 850°C, respectively. The frequency range of these spectral features, coupled with the observation that the imaginary impedance values approach zero at lower frequencies, indicate that the changing behavior is most likely due to charge or mass transfer at the LSM surface instead of gas transport through the porous electrode. That is, if mass diffusion through the porous electrode was being affected during the thermal cycling, one would expect the impedance values at lower frequencies to be changing with time. As that is not the case, then the kinetic parameters associated with the oxygen reduction mechanism at the electrode surface must be changing instead. Those kinetic parameters are changing in response to changes at the LSM surface. The exact character of the affected reaction step cannot be conclusively identified with the available impedance data; additional detailed measurements under polarization and under different oxygen partial pressures are necessary. Additional experiments at temperatures above 850°C were not performed within the scope of this work; however, the thermal cycling behavior of LSM-based electrodes at temperatures between 850°C and 1000°C would be worthy of extra study, as conventional SOFCs with LSM-based electrodes are often run at these higher temperatures.
For LSM the most electrochemically active area surrounds the triple phase boundary [24] . Simply based upon the reported EIS data, one cannot rule out the possibility that the electrolyte/electrode interface near the TPB changes during aging. With two dissimilar materials in contact at a high temperature, one could expect secondary phase formation or at least interdiffusion of cations between the two materials. Changing the electrolyte to GDC rules out the possibility of zirconate formation during the aging process, and since the GDC sample exhibits similar aging behavior, even if zirconates are forming in the LSM/YSZ sample, their formation is not the direct cause of the reversible aging behavior. Further, any cation interdiffusion between the electrode and electrolyte should be irreversible, as the driving force for that diffusion is the chemical gradient between the two phases. As such, electrolyte/electrode interactions are ruled out as the cause of the reversible aging behavior.
The additional aging data at 850°C clarify that the observed aging phenomenon is directly related to changes in the thermodynamic state of the LSM electrode. In our initial study, one proposed hypothesis related the initial reversible aging behavior reported between 700°C and 800°C to a higher order phase transition occurring between those two temperatures [23] . This hypothesis implies that the polarization resistance approached its equilibrium value as the LSM surface underwent phase transition. The existence of a simple phase transition temperature between 700°C and 800°C would eliminate observation of aging behavior at 850°C when heated from 800°C. Experiments demonstrated contrary results, as predictably reversible aging behavior was generated by cycling the symmetrical cell between any two temperatures between 700°C and 850°C. After a transition from a lower temperature to a higher temperature, the polarization resistance decreases with time, while polarization resistance increases with time when cooling from a higher temperature to a lower temperature. Additionally, as seen in Fig. 2(c) , the same final polarization resistance value at 800°C was obtained independent of the direction of the temperature change. This identical final value indicates that the LSM must be returning to the same thermodynamic state, connecting the thermodynamic state to the aged operating state. To better confirm that bulk phase transition does not occur during the aging experiment, the XRD patterns from an LSM compact fired at 1150°C were measured while heating the compact from room temperature to 1200°C. In agreement with literature reports, the structure of the La 0.8 Sr 0.2 MnO 3 undergoes a high temperature transition from rhombohedral to cubic (see Fig. 9 ) [25] [26] [27] . For 20 at.% Sr, the previously reported transition temperature in air was higher; however, the report was for stoichiometric LSM-20. The samples used here were A-site deficient, which could further lower the transition temperature. This result indicates that a sufficiently high sintering temperature could form an electrode with a cubic structure. When the sample is then operated below the rhombohedral-to-cubic transition temperature, the LSM electrode will then undergo a transition to the thermodynamically stable rhombohedral phase. The catalytic and conductive properties of the LSM could then possibly change as the lattice spacing changes. The XRD patterns of the LSM compact as it was aged at 700°C for the first time - Fig. 10(a) -show that the bulk XRD pattern did indeed change over the course of 12 h. That timescale is similar to that for the reported aging process; however, further thermal cycling of the LSM compact - Fig. 10(b) -negates this initial observation, as the XRD pattern remains invariant with time after the compact has remained below the rhombohedral-to-cubic transition for a sufficiently long period. The transition temperature is outside of the thermal cycling temperature range, so the phase transition should thus not contribute to the reversible aging behavior. A phase change between the sintering temperature and the operating temperature could contribute to the irreversible aging behavior over the first hundred hours in the 700°C-800°C range reported in previous work, but further analysis is required to confirm this hypothesis.
The SEM images are evidence that, at a minimum, the microstructure of a dense LSM surface changes when equilibrating to an operating temperature different from that of the sintering temperature. Comparison with the as-sintered pellet is straightforward since the as-sintered pellets contain very smooth edges and terraces, while the aged samples have rougher edges and terraces that are covered with new planar surfaces emerging from the terraces and some nanoparticles. The observation of nanoparticles indicates some secondary phase formation in this temperature range. The roughening and island formation may indicate changes in the surface composition or structure and could be related to a cubic-to-rhombohedral phase transition or to other changes in the thermodynamic state of LSM with respect to the sintering temperature (or with respect to the state obtained during cooling to room temperature after sintering). The SEM analysis does not reveal large structural differences between the samples aged at 800°C versus 700°C. The authors were unable to collect enough quality SEM images to reliably quantify whether the concentration of the nanoparticles formed or the size of the surface layers changes significantly between 700°C and 800°C or whether those changes are reversible or irreversible (or a combination of both).
For higher resolution analysis of the LSM surface during the aging cycles, the dense LSM pellet surfaces were analyzed by TEM/EDS, as shown by Figs. 5-7 and Table 1 . From the samples observed by TEM, no large secondary phases were located (the larger MnO x particles observed from the SEM images were not examined by TEM), and the smaller nanoparticles observed in Fig. 4 (b) and 4(c) were not present on the prepared TEM cross sections. The electron diffraction patterns and higher resolution TEM images also indicate that the regions observed are a single rhombohedral phase. The EDS data do not demonstrate large compositional differences between the 700°C and 800°C samples, especially considering the standard deviation of the measured Sr:(La+Sr) and (Sr+La):Mn levels. The surface composition of the dense LSM is different from that of the bulk. The surface layers are always Sr-deficient compared to the bulk while simultaneously showing an A:B ratio equal to or slightly greater than one. In contrast, the bulk composition maintains the designed A-site deficiency. The Sr-deficiency, along with the greater A: B ratio, indicate the presence of a lanthanum excess at the surface for this LSM source.
Comparing the measured cation ratios to other LSM literature values, different literature sources report Sr-[2,4,7-9,11,28-31], Mn- [2, 15] , or La-excess [2, 29] , with samples varying in initial Sr content and varying A-site deficiencies. A big difference between the samples studied here and many of the previous LSM cation segregation studies is the use of a dense LSM pellet in this work compared with thin films on various substrates used in other references. While thin films permit ideal surface analysis, atypical strain levels exist relative to the unconstrained surfaces found in porous electrodes. In addition, conventional SOFC porous electrodes are formed from starting powders with diameters much larger than the thicknesses of the films studied. Further, thin films do not share the same thermal history of porous electrodes since thin films rarely experience temperatures close to the sintering temperature of a porous electrode. The authors suggest that dense pellets (and loose powders) produce a surface that is more representative of contemporary porous electrodes prepared by conventional processes. For the TEM samples examined here, the cation ratios at the surface do not vary significantly from the bulk value for either 700°C or 800°C. Fister et al. analyzed the surface strontium composition of LSM 70-30 thin films on DyScO 3 substrates at multiple temperatures and oxygen partial pressures [4] . Similar to the results reported here, they found that at oxygen partial pressures of 150 Torr, the surface strontium composition did not vary greatly between a 700°C and a 900°C sample, when one considers the indicated standard deviation. A greater stratification in surface Sr composition was found for oxygen partial pressures below 50 Torr, so it would be interesting to perform aging experiments on symmetrical cells held at lower oxygen pressures to measure the effect on aging behavior. A notable difference between their results and the ones reported here (besides Sr-excess compared with slight La-excess) is that the surface Sr composition across all of their samples was always significantly larger (50% to almost 100% greater) than the 30 at.% bulk composition, while the dense LSM pellets examined here exhibit smaller deviation from the bulk. This observation is attributable to the lower Sr composition of the LSM 80-20 studied here and to the lower strain levels present on the dense pellet surface. The latter difference could be significant, as Yildiz et al. have demonstrated the role that lattice strain plays in the surface composition and electronic structure of various complex oxides [7] .
Caveats applicable to thin film samples do not invalidate the results from thin film experiments, but careful consideration is required to extrapolate thin film results to the microstructure, thermal history, and operating conditions of conventional porous SOFC electrodes. Indeed, thin film results should be used to critically inform the design of advanced solid state electrodes.
The XPS data in Fig. 8 do not reveal any large differences between the LSM sintered at 1150°C and the LSM pellets subsequently aged at 800°C and then thermally cycled between 700°C and 800°C. The spectra were measured from samples possessing low surface area, so the low signal intensity renders quantitative analysis unreliable. Qualitatively, all samples depicted in Fig. 8 have identical characteristics. No detectable new phases are present in the thermally cycled samples that were not already in the as-sintered sample. The character of the surface lanthanum in Fig. 8(a) is static even after sputtering with argon ions for 30 s or longer; therefore, the lanthanum present at the surface is chemically identical to that in the bulk. Lanthanum is not expressed in secondary surface phases.
In contrast, for each sample, the doublets in the Sr 3d core level spectra in Fig. 8(b) shift to higher binding energy when moving from the surface to the bulk (i.e., after sputtering). This shift is in contrast to a shift to lower energy reported by other groups studying LSM [2, 8, 32] . While the shift is different, the results nonetheless show a surface with a different character from that of the bulk with respect to strontium. The surface signal in those references is attributed to a strontium species such as SrO or SrCO 3 . No such phase was found from the TEM analysis presented here; however, the inability to find a secondary Sr-rich phase by TEM does not conclusively prove that such a phase is not present. This is especially true if SrO or SrCO 3 is present strictly as a surface terminated layer. Since reliable quantitative analysis is not possible, the data do not clearly indicate whether the amount of the surface strontium changes with temperature. A stronger X-ray source and a higher surface area sample are necessary for more detailed analysis. Hypothetically, changing the relative amount of a SrO or SrCO 3 surface phase by changing the temperature would require a change in the strontium composition of the bulk LSM near that surface phase. Since the TEM EDS does not indicate a large change in the surface strontium composition when cycling between 700°C and 800°C, one concludes that large changes in surface strontium species do not result from thermal cycling.
The Mn 2p core level spectra in Fig. 8(c) are qualitatively identical for the sintered and the thermally cycled samples. The multiplet centered between 644 and 639 eV does change in character for each sample between the as-received sample and the surface after sputtering. The multiplet shifts to a lower binding energy, indicating a decrease in the average oxidation state of the manganese [5, 8] . The Fig. 9 . XRD pattern of an LSM compact fired at 1150°C as the compact is heated from room temperature to 1200°C. Each pattern was self-normalized. Fig. 10 . The XRD pattern as a function of time for an LSM compact fired at 1150°C and then (a) aged at 700°C for 12 h and (b) aged at 700°C after being thermally cycled between 700°C and 800°C three times.
surface manganese is more heavily weighted toward +3 or +4, while the bulk manganese is more heavily weighted toward +2 or +3. This indicates that the average oxidation state of the surface, which contains manganese oxide particles (see Fig. 4 ), is higher than that within bulk LSM. As with strontium, it is not possible with the available data to quantify the relative amounts of each oxidation state at each temperature, so it is not clear whether the nanoparticles that emerge on the surface of the aged samples are significantly changing the character of the Mn XPS spectra. As such, more sensitive surface measurements and more detailed TEM analysis are required to identify properly the character of those nanoparticles and possibly to assess the reversibility of their formation.
The aging behavior may still result from slow diffusion of the cations as the surface layer composition changes to a slightly different equilibrium value at the new temperature. Extrapolating the cation diffusivity of LSM from the 1000-1200°C range down to the 700-800°C range, the cations in LSM should move on the order of 1 nm per hour, meaning that the first 10-20 nm would be readjusting within the timescale of the aging experiment [33] . The changes in the polarization resistance would thus be associated with a change in the kinetic parameters for the oxygen reduction mechanism corresponding to the slight change in surface composition. The problem with this hypothesis is that within the standard deviation of the TEM EDS data, the samples analyzed here do not show a significant change in the surface composition of the LSM between the 700°C and the 800°C samples. While the original hypothesis cannot be disproved, sufficient data have not been generated to support it.
Since the timescale of the aging process matches that of cation diffusion, an alternative hypothesis can be formulated that remains limited by cation diffusion and still relates to cycling between different thermodynamic states. The specific element of the LSM defect chemistry related to cation diffusion would be the Schottky defect:
in which V i is a vacancy created on a given anion (i.e., O 2 − ) or cation (i.e., A 3+ (La) and B 3+ (Mn) in the perovskite ABO 3 ) lattice site [34, 35] .
As the temperature increases, so will the vacancy equilibrium limit. The rate of vacancy formation is determined by ionic diffusivity, as the lattice at the LSM surface can only expand via ionic transport to the surface. Oxygen anion transport is generally orders of magnitude greater than cation transport [9, 27] , so as with the cation surface segregation hypothesis, the adjustment of the lattice to a new equilibrium (in this case, new defect concentrations) is limited by cation diffusion. Applying this hypothesis to the reversible aging behavior, when the symmetrical cell is heated from a lower temperature to a higher temperature, more vacancies must be created in the lattice. Initially, the vacancy concentrations are lower than dictated by thermodynamics, and the polarization resistance is higher. As the LSM structure reaches its new equilibrium and new vacancies are created, the polarization resistance decreases. Similarly, when the sample is cooled to a lower temperature, the vacancy concentration is initially higher than expected, and the polarization resistance lower. Then, as vacancies are consumed to reach the lower equilibrium concentration, the polarization resistance increases. Fig. 2(a) demonstrates this, since the same final polarization resistance value is reached independent of whether the symmetrical cell was heated or cooled to 800°C. Since the same value is reached independent of path, that value must be related to a thermodynamic state property.
Grande et al. studied La 0.8 Sr 0.2 MnO 3 using high temperature X-ray diffraction and thermogravimetric analysis and found that the hyperstoichiometric LSM loses oxygen (creates oxygen vacancies) at higher temperatures [27] , which equates to a diffusion path length of about 0.3 nm per hour. The symmetrical cells used in the aging experiments possessed a particle size of approximately 500 nm. For an equilibration time to the final polarization resistance on the order of 20 h for particles with a radius close to 200 nm, then the diffusion coefficient necessary for the entire particle to reach a new equilibrium state (limited by the cation diffusion rate) would be on the order of 10 −14 to 10 −15 cm 2 s −1 , which falls within those upper and lower bounds. The originally proposed cation surface segregation hypothesis is more easily testable by surface analysis such as XPS and TEM, since gradients in cation ratios or secondary phases are expected. These techniques are not as suited for noting changes in relatively small defect concentrations. Very long and precise TGA measurements could confirm the net loss/gain of oxygen from the lattice. Similarly, very slow and precise dilatometry of LSM or time-dependent high temperature XRD measurements may be able to track the chemical expansion of LSM. One foreseen problem with high temperature XRD would be the long time necessary to take an individual scan with a signal-to-noise ratio and resolution sufficient to detect minute changes in the rhombohedral lattice parameters. The impedance data indicate that the greatest changes occur within the first 10 h, so the lattice parameter would be changing during the course of a long XRD measurement, introducing a significant error in scans lasting longer than an hour. XRD and DTA measurements are further complicated by the very low vacancy concentrations in LSM. In the LSM defect chemistry model used by Mebane et al., the oxygen vacancy concentrations in site fraction, at 700°C and 800°C, are 4.25 × 10 − 11 and 5.81 × 10 − 10 , respectively [34] . The concentration changes by an order of magnitude, which could impact the polarization resistance of an LSM electrode by having more/less oxygen vacancies available for oxygen incorporation into the lattice, or by shifting the valence of manganese which could affect the ability of LSM to promote oxygen reduction. However, the magnitude of the vacancy concentration is very small; therefore its impact on the lattice parameter would also be small. The defect chemistry of LSM pairs the Schottky reaction with the reduction of manganese
which indicates that the Schottky reaction and the related vacancy concentrations can be impacted by changing the partial pressure of oxygen. The magnitude of the aging effect should be changed by conducting aging experiments under different oxygen partial pressures. The changes in the aging behavior can thus be predicted through pairing the defect chemistry model with an appropriate LSM oxygen reduction model. The authors are currently working toward incorporating the changing defect concentrations into an existing LSM oxygen reduction and corresponding SOFC multiphysics model which can predict the electrochemical performance of a porous LSM electrode similar to the one found in the symmetrical cell samples [39] [40] [41] . By stepping the defect concentrations in time based upon reasonable cation diffusion coefficients, simulated impedance aging data will be created. This can become a useful tool for simulating transients in cell performance attributable to thermal gradients throughout the cell. A further impact on aging behavior being currently studied is overpotential. The presence of overpotential can drive oxygen vacancies into or out of the electrode and impact the polarization resistance of an LSM electrode, as evidenced in the reports of the activation/passivation behavior of LSM under cathodic/anodic overpotential. This overpotentialdriven change in the oxygen vacancy concentration will affect cation vacancy concentration and change the magnitude/nature of the aging behavior with respect to open circuit conditions. Quantifying these effects and incorporating such data into the aforementioned models will allow accurate modeling of transient responses to fluctuations in cell loads, as well as predicting performance degradation in large area cells as thermal and overpotential gradients evolve over the cell's lifetime.
In more practical terms, this aging behavior at open circuit voltage (OCV) has immediate application with respect to the proper sample testing protocol. The timescale of the aging behavior, depending on the temperature, can be on the order of tens of hours, with the greatest change in polarization resistance occurring during the first 12 h. The polarization resistance at OCV can sometimes almost double or halve during that time, depending on how quickly the sample changes temperature and the magnitude of the temperature change. For SOFC samples with LSM-based electrodes, attention must be given to test those samples with consistent protocols. Once a sample's operating condition is reached, a large spread in impedance data can be obtained when measuring the sample impedance right away or when measuring it after a delay. Identical samples can exhibit large measured differences in polarization resistance based solely upon leaving a sample at temperature overnight and taking impedance data the next morning. Such seemingly benign choices in testing protocol make it harder to evaluate true statistical differences between samples unless one is sure that the samples are both at true equilibrium at OCV (or a quasi-steady state under polarization).
Proper identification of aging behavior plays an important role when calculating activation energies based on impedance behavior. The measured polarization resistance values at each temperature could vary by as much as ±50%, depending on how quickly they are recorded when the testing temperature is reached. The resulting slope calculated from those values would thus contain an unwanted but avoidable source of error, with the magnitude depending on the temperature range and the number of temperatures used to calculate the slope. LSCF (at least, La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 ) is not as strongly subject to the same amount of error from variability in testing schedule, but one could not have been sure without first measuring it. The difference in aging behavior between these two common SOFC cathode materials further emphasizes the necessity in characterizing the aging behavior of a specific material so that a suitable testing protocol can be used to properly compare samples of the same (or different) material. This suggestion necessitates a few hundred extra hours of testing for any new material. That much extra testing can be burdensome; however, such diligence is recommended to reach more reliable conclusions.
Conclusion
The reversible portion of the reported open circuit aging behavior between 700°C and 850°C of LSM 80-20 is ascribed to changes in LSM by demonstrating that the aging behavior is invariant for YSZ and GDC electrolytes and by showing that LSCF aging behavior is different. Previously, the authors hypothesized that reversible aging behavior is related to changes in the LSM surface composition as a result of varying degrees of cation segregation to the surface as a function of temperature, a hypothesis supported by LSM thin film results reported in the literature. However, TEM/EDS/XPS analysis of the surface of dense LSM pellets thermally cycled similarly to the symmetrical cells do not show a statistical difference in the surface composition between the two temperatures. As the timescale of the reversible aging effect still correlates well with cation diffusivity, the authors provide an alternate hypothesis that the aging behavior is the result of the adjustment of the LSM to a new equilibrium state. The diffusion rate of cations to or from the LSM surface limits the formation or destruction of vacancies at different temperatures, as dictated by the Schottky reaction. The polarization resistance increases with time when the initial surface vacancy concentration after changing the temperature is higher than the equilibrium value (i.e., when going from a higher temperature to a lower temperature) and the vacancy concentration decreases to its equilibrium value (causing the polarization resistance to increase). Likewise, when going from a lower temperature to a higher temperature, the vacancy concentration is initially lower than the equilibrium value (as intrinsic vacancy concentrations should increase with temperature), and the vacancy concentration increases to its equilibrium value (causing the polarization resistance to decrease). Understanding these processes, and more specifically their impact on measured electrode performance, is necessary to describe transient behavior in cells, as well as assess kinetic parameter distributions throughout larger area cells and stacks. Further, the aging behavior of any electrode material should be adequately characterized in order to establish a sample testing procedure that would allow for proper comparison between samples.
